Muscle and bone form a functional unit. While muscle size is a useful surrogate of mechanical load on bone, the independent contributions to bone strength of muscle force, muscle size, gravitational load (body weight), and physical activity have not been assessed. 321 healthy participants (32% black, 47% male), age 5 to 35 years were assessed. Peak dorsiflexion muscle torque (ft-lbs) of the ankle was assessed using isometric dynamometry. Tibia peripheral quantitative computed tomography measures included polar section modulus (Zp, mm 3 ), periosteal and endosteal circumference (mm), cortical area (mm 2 ), and volumetric bone mineral density (vBMD, mg/cm 3 ) at the 38% site, and muscle cross-sectional area (CSA, mm 2 ) at the 66% site. Physical activity (average hours /week) was assessed by questionnaire. Log linear regression was used to assess determinants of muscle specific force (MSF; torque relative to muscle CSA) and Zp adjusted for age and tibia length. MSF was greater in blacks than whites (p < 0.05) and lower in females than males (p < 0.001). Zp was greater in blacks than whites (p = 0.002) in Tanner stages 1-4, but the difference was attenuated in Tanner 5 (interaction, p = 0.02), R 2 = 0.87. Muscle CSA, muscle torque, body weight, and physical activity were added to the model and each load covariate was independently and significantly (all p < 0.02) associated with Zp (R 2 = 0.92), periosteal circumference, and cortical area. Inclusion of these measures attenuated but did not eliminate the significant race differences. Only muscle CSA was positively associated with endosteal circumference, while none of the load covariates were associated with vBMD.
INTRODUCTION
Bone mass is strongly associated with muscle mass [1] . The skeleton provides lever arms for attachment of muscles and the forces generated by muscle contraction induce changes in bone architecture [2] . During growth, mechanical loading [3] , results in a cascade of events that augment bone deposition as needed to strengthen the bone enough to withstand the increased demands [4] . Thus, changes in muscle and bone are coupled as a functional unit [5] . Accordingly, changes in estimated bone strength during growth are highly correlated with changes in lean mass and muscle cross-sectional area (CSA) but not fat mass [6] . When the growing bone is not subject to mechanical loading, muscle size and function are reduced and bone lacks the shape necessary for its function [7] . In a study of arm side-to-side differences in growing tennis players, greater muscle size induced by exercise was positively correlated with changes in bone mass, size, and strength [8] . However, the greater muscle size only accounted for 12 to 16% of the side-to-side variance in bone outcomes, suggesting that other mechanical factors may contribute to bone adaptation during growth.
Muscle strength scales with muscle size; therefore, lean mass, measured by dual energy xray absorptiometry (DXA), or muscle CSA, measured by peripheral quantitative computed tomography (pQCT), are often used as surrogates of muscle force in interpretation of bone outcomes [6, 9, 10] . However, muscle CSA does not fully define the loads to which bone is subjected. Ultimately, there are additional factors that form the sum of mechanical loads that can cause bone adaptation. The amount of muscle force that can be generated relative to muscle CSA (i.e. muscle specific force, MSF) can be increased by resistance exercise [11, 12] . Finally, gravitational loading (body weight) may also be a factor in the sum of the load on bone, as illustrated by the deleterious effects of spaceflight on the muscle-bone unit [14] . The independent contributions of these multiple characteristics of mechanical loads that determine bone geometry and volumetric bone mineral density (vBMD) have not been assessed.
We previously reported race and sex differences in pQCT measures of cortical geometry and vBMD that were not explained by race and sex differences in muscle CSA [15, 16] . It is not known if sex and race differences in other components of muscle loading contribute to sex and race differences in bone mass. Therefore, we will extend these analyses [16] to determine if additional measures of mechanical load contribute to race and sex differences in bone geometry and vBMD. The primary objectives of this study were (1) to examine the impact of age, sex, race, and pubertal maturation on MSF in a sample of black and white children, adolescents, and adults, and (2) to describe the independent effects of mechanical loads (muscle CSA, muscle torque, body weight, and physical activity) on bone geometry and vBMD. Secondary objectives were to demonstrate the importance of tibia length in describing the functional muscle-bone unit for both the growing and adult skeleton, and determine if muscle area provides an adequate surrogate of muscle strength in healthy children and adults.
METHODS

Study Participants
As previously described, the study population included healthy children, adolescents, and adults ages 5 to 35 years that were enrolled as participants for bone studies at the Children's Hospital of Philadelphia (CHOP) [16] . The original study included 665 participants. Muscle torque was measured in all 89 adult participants and in 232 of the 576 pediatric participants enrolled in an ancillary pediatric study, resulting in a total of 321 participants for these analyses.
The study protocol was approved by the Institutional Review Board at CHOP. Informed consent was obtained directly from study participants older than 18 years, and assent along with parental consent from participants less than 18 years of age.
Anthropometry, Physical Maturity, and Race
Anthropometric measures and pubertal development were assessed as previously described [16] . Age-and sex-specific Z-scores for height and body mass index (BMI, kg/m 2 ) were calculated for participants less than 20 years of age (the upper limit of the reference data) [17] . The data analyzed were restricted to participants that self-identified as black (n = 102) or white (n = 219).
Physical Activity Questionnaire
A questionnaire was developed that combined an assessment of physical activity over the prior year based upon Aaron et al. and incorporated a classification of the physical activities from no impact to high impact based upon Kemper et al. [20, 21] . Participants were asked whether they performed any of 55 different activities at least 10 times in the prior year. In order to capture seasonal variability, they were asked to estimate the days per week and minutes per day for each activity for each month. Each activity was assigned an impact level from 0 (e.g. swimming) to 3 (e.g. gymnastics) and the mean time (hours/week) at each activity level was averaged over the prior year. We report the sum of all four categories (total physical activity, hours/week) and the sum of the activities with impact levels of 2 or 3 (moderate to high impact activity, hours/week). This questionnaire was administered in the 231 participants ≤ 21 years of age only.
Bone Assessment by Peripheral Quantitative Computed Tomography
Bone measures in the left tibia were obtained by pQCT as previously described [16] . Cortical measures included volumetric bone mineral density (vBMD, mg/cm 3 ), periosteal and endosteal circumferences (mm), bone area (mm 2 ) within the region defined by the endosteal and periosteal surfaces, and polar section modulus (Zp, mm 3 ). Zp is a function of the cortical periosteal and endosteal dimensions, explaining 77% of the variance in bone failure load [22] . Muscle cross-sectional area (muscle CSA) and fat CSA were assessed at the 66% site.
Biodex Measurement of Muscle Torque
Muscle torque was assessed using Biodex Multi-Joint System 3 Pro (Biodex Medical Systems, Inc, Shirley, NY). High intrarater (0.97 to 0.99) and interrater (0.93 to 0.96) intraclass correlation coefficients have been reported [23] . Peak isometric torque (ft-lbs) was measured in triplicate at -10, 0, 10, and 20 degrees and the highest value recorded for both dorsiflexion and plantarflexion. We report peak isometric torque (ft-lbs) in dorsiflexion (with the foot placed in 20 degrees of plantarflexion), since this measurement had the best reproducibility in our lab (coefficient of variation, 4.3%) and had the best fit (R 2 ) in the regression models. Further, the tibialis anterior attaches directly to the tibia (the bone of interest in this study) and causes dorsiflexion of the ankle.
Statistical Analysis
Stata 11.0 (Stata Corp., College Station, TX) was used for all statistical analyses. A p-value of < 0.05 was considered statistically significant, and two-sided tests of hypotheses were used throughout. Group differences were assessed using Student's t-test or the sign-rank test for non-normally distributed variables.
Determinants of MSF were evaluated using log linear regression models of muscle torque relative to muscle CSA, adjusted for age, age 2 , sex (male vs. female), race (black vs. white), and tibia length. Log linear regression was used to evaluate Zp and the other pQCT bone outcomes, adjusted for age, age 2 , tibia length, Tanner stage (Tanner stage 1 as the referent group), race, Tanner stage x race interaction, sex, and Tanner stage x sex interaction, as previously described [16] . To investigate the influence of load on Zp and the other bone outcomes, muscle CSA, muscle torque, body weight, and total physical activity or moderate to high impact activity were sequentially added to the base bone model and the increases in the R 2 were noted. Similar models were used to examine the other pQCT measures of cortical geometry and vBMD.
Tibia length is highly associated with Zp and with muscle CSA. In order to determine the independent contributions of tibia length and muscle CSA to Zp, pearson correlation coefficients were used to assess the relationships between log Zp, log tibia length, and log muscle CSA in participants ≤ age 21 and in participants > age 21. Partial correlation coefficients were obtained to examine the relationship between log Zp and log tibia length, independent of log muscle CSA, and to examine the relationship between log Zp and log muscle CSA, independent of log tibia length.
RESULTS
Participant Characteristics
The participant characteristics are summarized in Table 1 . White participants were significantly older than black participants (p = 0.01) due to the greater proportion of whites in the adult group (76%) compared to the pediatric group (65%). The black participants were an average of 0.7 years younger than the white participants (p < 0.01) within Tanner stages 2 through 4, indicating significantly more advanced maturation relative to age. Among the participants age 20 years or younger, height Z-scores did not differ according to race, but BMI Z-scores were significantly greater in the black group compared to the white group in both males (p = 0.0003) and females (p = 0.0001). Among the participants age greater than 20 years of age, height was not significantly different between the white and black groups in the males or females. However, BMI was significantly greater in the black females (p = 0.02) compared to the white females and did not differ between the black and white males. Physical activity was assessed only in participants less than 21 years of age, and both total physical activity (r = -0.14, p = 0.047) and moderate to high impact activity (r = -0.16, p = 0.022) were negatively associated with BMI Z-score.
Muscle Specific Force
The multivariate regression model for muscle torque is shown in Table 2 . Muscle torque was positively associated with tibia length and muscle CSA, independent of age, sex and race. Sex, age and race differences in MSF were assessed in this model as muscle torque adjusted for muscle CSA. Females exhibited significantly lower MSF compared to males, adjusted for age, race and tibia length. MSF was significantly greater in the black group compared to the white group (Figure 1) , adjusted for the other covariates, and this relationship was more pronounced when the data were limited to participants aged less than or equal to 21 [β: 0.11 (95% CI: 0.11, 0.18), p = 0.001]. However, a test for interaction between race and age was not significant.
Determinants of Zp and Other Cortical Outcomes
The multivariate regression models for Zp are shown in Table 3 . Based on our previously published model of determinants of Zp in the full cohort, Model 1 illustrates the independent effects of tibia length, age, maturation, race and sex (R 2 = 0.87) [16] . Compared to Tanner stage 1, Tanner stage 5 was associated with significantly greater Zp (p = 0.001). The black group exhibited significantly greater Zp (p = 0.001) compared to the white group, adjusted for the other covariates. However, this race effect was attenuated in the Tanner 5 participants as indicated by the significant Tanner 5 by black group interaction (p = 0.02).
Comparable models were generated for the remaining cortical outcomes (data not shown). In the models for cortical area and periosteal circumference, the sex, race and interaction effects were similar to those observed for Zp, as previously described in these subjects [16] . However, the models for vBMD and endosteal circumference revealed different patterns. Cortical vBMD was greater (p = 0.03) in blacks vs. whites, adjusted for the other covariates. And, cortical vBMD was significantly greater in females compared with males in Tanner stages 3 -5. The greater endosteal circumference in black participants, compared to whites, and in male participants compared to females described in the previous study [16] were not statistically significant here, likely related to the smaller sample size. Table 3 also shows the full multivariate regression model for Zp adjusted for muscle CSA, muscle torque, and body weight (Model 3, R 2 = 0.92). These three load covariates were each independently and significantly associated with greater Zp adjusted for age, tibia length, Tanner stage, race, and sex. Despite the greater MSF observed in black participants, adjusting Zp for the load covariates did not explain the significantly greater Zp (p = 0.004) in the black group compared to the white group (Figure 2) . Similar to the model without the load covariates (Model 1), there was a significant negative black group by Tanner stage 5 interaction (p = 0.03). Fat CSA was not significant when it was added to Model 3 without body weight, suggesting there is no independent effect of fat CSA. Total physical activity was added to the base model along with the other load covariates (muscle CSA, muscle torque, and body weight) in the 231 participants ≤ age 21 that completed the questionnaire. In addition to muscle CSA, muscle torque, and body weight, total physical activity (p = 0.01) was an independent predictor of greater Zp (R 2 = 0.94). Moderate to high impact activity (p = 0.09) was not significantly associated with Zp.
Determinants of the Muscle-Bone Unit
Muscle CSA, muscle torque, and body weight were all significant and independent determinants of periosteal circumference (R 2 = 0.92) and cortical area (R 2 = 0.92), adjusted for the covariates in Table 3 (data not shown). However, only muscle CSA was positively associated with endosteal circumference (p = 0.001). None of the load covariates were associated with cortical vBMD. When the analyses were conducted in the participants with physical activity data, total physical activity (p = 0.006) and moderate to high impact activity (p = 0.04) were independently and significantly associated with periosteal circumference. Total physical activity and moderate to high impact activity were not associated with cortical vBMD or endosteal circumference.
The Relationships between Bone Length, Muscle CSA, and Zp in the Growing and Adult Skeleton
Univariate analyses (Table 4) demonstrated that, among the children and adolescents, muscle CSA was positively associated with Zp, explaining 85% of the variance in Zp. Conversely, tibia length alone was significantly associated with greater Zp, explaining 84% of the variance in Zp. Multivariate regression analysis indicated that, combined, muscle CSA and tibia length explained 91% of the variance in Zp. However, when muscle CSA was added to the model along with tibia length to determine partial correlation coefficients, muscle CSA explained 42% of the variance in Zp, holding tibia length constant, while tibia length explained 37% of the variance in Zp, holding muscle CSA constant.
Among adults, muscle CSA alone was associated with greater Zp, explaining 39% of the variance in Zp, while tibia length alone was significantly associated with greater Zp, explaining 45% of the variance in Zp. Combined, muscle CSA and tibia length explained 64% of the variance in Zp. However, when muscle CSA was added to the model along with tibia length to determine partial correlation coefficients, muscle CSA explained 35% of the variance in Zp, holding tibia length constant, while tibia length explained 42% of the variance in Zp, holding muscle CSA constant.
DISCUSSION
This is the first study to examine the independent contributions of bone length, muscle CSA, muscle torque, body weight, and physical activity on cortical bone geometry and vBMD assessed by pQCT in children, adolescents, and adults. This is also the first study to characterize the sex, race, and maturation effects on MSF over a wide age range. We found that MSF was lower in females compared to males and higher in blacks compared to whites, adjusted for age and tibia length. Further, we showed that determinants of mechanical load (muscle CSA, muscle torque, body weight, and physical activity) were all significantly and independently associated with cortical Zp, area, and periosteal circumference, adjusted for age, sex, race, tibia length, and Tanner stage. The mechanical load covariates were not associated with cortical vBMD and only muscle CSA was associated with endosteal circumference. Importantly, bone length is a significant independent predictor of bone outcomes in both the growing and the adult skeleton, independent of muscle CSA. The contribution of bone length to explained variance in bone outcomes was approximately equivalent to muscle CSA.
Our results demonstrated that failing to adjust Zp for tibia length could result in the interpretation that muscle CSA explains 85% of the variance in Zp in children and adolescents. In actuality, after accounting for tibia length, muscle CSA explained only 42% of the variability in Zp. Moreover, even though tibia length is less variable in adults, tibia length was a significant independent predictor of Zp, independent of muscle CSA. Thus, bone length is an important covariate when evaluating bone outcomes in both children and adults and should be an integral component of models evaluating the "functional musclebone unit" regardless of the age of the sample population. This is an issue in studies of healthy participants [24] , and it becomes particularly imperative in the interpretation of outcomes in clinical populations [25] . For example, Burnham et al. previously reported that in patients with juvenile idiopathic arthritis (JIA), failing to adjust for age and tibia length suggested that patients with JIA had greater Zp compared to healthy controls. However, when age and tibia length were accounted for, (1) Zp was significantly lower in JIA, (2) age and tibia length were both independently and significantly associated with Zp, and (3) a greater proportion of the variance in Zp was explained. This example underscores the importance of bone length is a determinant of bone geometry, independent of muscle size. Our results confirm this finding and demonstrate that bone length should be accounted for in the interpretation of bone outcomes in participants of all ages.
Sex and Race Differences in Muscle Specific Force
There is an overall paucity of studies exploring MSF in children and adults. Our finding of lower MSF in females compared to males, independent of bone length, is consistent with a previous study in children. Kanehisa et al. reported lower MSF in girls compared to boys (n = 60, age 6 to 9 years) evaluated by isokinetic dynamometry (muscle torque) and ultrasonography (muscle CSA) of the thigh [26] . Further, their sample included adults (n = 71, age 18 to 25 years) and they observed lower MSF in the female adults compared to males. Our findings are similar to their study even though we assessed isometric dynamometry of the dorsiflexors at the ankle and their assessment was isokinetic dynamometry of the knee extensors. Like the present study, the sex difference was independent of limb length. Other studies have also suggested that adult females have lower MSF compared to males [27, 28] , but some have shown no sex differences [27, 29, 30] . The studies that report no sex difference did not account for limb length and/or assessed sex differences in MSF of the upper body (forearm isometric grip force or isokinetic dynamometry of the elbow flexors and extensors). The studies that reported lower MSF in women compared to men did not account for sex differences in limb length. Thus, the present study is the first to report sex differences across a wide age range with proper adjustment for limb length in the analyses.
We also found that MSF is greater in blacks compared to whites, independent of limb length. In contrast to our finding, Goodpaster et al. reported that elderly whites have greater muscle specific force, assessed by isokinetic dynamometry of the knee extensors, compared to elderly blacks [28] . It is not known whether there is a difference in skeletal muscle physiology that could explain the greater force generating capacity of the muscle relative to the muscle size in the black participants in this study. However, it is possible that race differences in muscle fiber type could explain the greater muscle specific force in blacks compared to whites [31] . The sex and race differences observed in the present study were not explained by physical activity.
Determinants of Bone Geometry
The analyses presented are based on a subset from our previous study in 665 participants [16] , as muscle torque data were only available in 321 participants. In this subset, we were still able to show a significantly greater Zp in black participants compared to whites that was not explained by muscle CSA alone. Interestingly, independent of the greater MSF in blacks observed in the present study, the greater Zp among black participants persisted. Further, the race difference persisted when other sources of mechanical load were included in the model (body weight and physical activity), suggesting that mechanical load does not explain race differences in bone geometry. The findings were similar for periosteal circumference and bone area, however, only muscle CSA was associated with endosteal circumference. This suggests mechanical loading does not determine endosteal circumference, in contrast to the significant role of loading on the periosteal surface. Of note, the mechanical load covariates were not associated with vBMD, unlike previous studies using DXA areal-BMD measures. Since the load covariates did not explain a substantial proportion of the variance in addition to muscle CSA, we propose that muscle CSA is an adequate surrogate of the mechanical load on bone in healthy participants.
Limitations
The primary limitation of this study of the development of the functional muscle bone unit is the cross-sectional design. This precludes any conclusions regarding the causal relations between measures of biomechanical loading and bone outcomes. In addition, the study had limited power to detect significant differences in muscle-bone relations in the mature versus growing skeleton. There are several characteristics of skeletal muscle architecture, including muscle fiber type and tendon length, that were not assessed in the present study and could contribute to differences in muscle specific force. Further, we did not assess neural activation of motor units and, independent of muscle size, this could differ between males versus females and blacks versus whites. Another potential limitation is that the muscle torque measurements utilized in this study were from isometric dynamometry, so we were unable to differentiate between concentric and eccentric contraction types [32] and their contribution to bone geometry. It has been suggested that measurements from ground reaction forces, such as mechanography [33] , may better represent the mechanical forces that long bones endure, but whether peak jumping force can better describe bone geometry than muscle size alone has not been studied to our knowledge. Lastly, accelerometry measures were not assessed in the present study and could have more accurately described participants' levels of physical activity.
Conclusion
In summary, these data demonstrated sex and race differences in skeletal muscle force generating capacity, independent of muscle size, in healthy children, adolescents, and adults. These differences in muscle specific force did not explain sex and race differences in bone geometry. Different types of mechanical load may contribute to bone geometry and we demonstrated that muscle size, muscle strength, body weight, and physical activity are each independently and significantly associated with bone geometry. Importantly, in healthy participants, muscle size alone is an adequate surrogate for describing the mechanical load on bone. These findings are likely not applicable to patients with myopathies or dystrophies, and further studies are needed to assess MSF and the muscle-bone unit in childhood chronic diseases potentially affecting muscle size and function. Finally, bone length is a significant determinant of bone geometry, independent of muscle size, and should be accounted for when describing bone outcomes regardless of the age of the participants. Race differences in the predicted values for muscle torque (log ft-lbs) according to age based on the model in Table 2 , comparing whites (open circles) to blacks (closed circles). Race differences in the predicted values for Zp (log mm 3 ) according to age based on the model in Table 3 , adjusted for muscle CSA, muscle torque, and body weight, and comparing whites (open circles) to blacks (closed circles). All values are means ± SD, unless otherwise noted.
a Z-scores are limited to participants ≤ 20 years of age because the national reference data for growth Z-scores are available for this age range.
b Physical activity data were collected in the 231 participants less than 22 years of age and are presented as median (inter-quartile range).
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